ABSTRACT
INTRODUCTION
To obtain the benefit of the high efficiency of compression ignition (CI) engines and the low emissions of spark ignition (SI) engines, there has been a rekindled interest in the homogeneous charge compression ignition (HCCI) combustion in recent years. The major advantage of HCCI combustion is realized by eliminating the formation of flames and results in a much lower combustion temperature. As a consequence of the low temperature, the formation of NOx (nitrogen oxides) is greatly reduced. The lean burn nature of the HCCI engine also enables un-throttled operation to improve vehicle fuel economy. Unfortunately, HCCI combustion is feasible only over a limited engine operational range due to knock and misfire. To make a HCCI engine work in an automotive, the internal combustion engine has to be capable of operating at both SI combustion mode at high load and HCCI combustion mode at low and mediate load ( [13] and [20] ). This makes it necessary to have a smooth combustion mode transition between SI and HCCI combustion modes.
Achieving the HCCI combustion and controlling the mode transition between SI and HCCI combustions in a practical engine require implementation of enabling devices and technologies. There are a number of options, and the necessary prerequisite for considering any of them is their ability to provide control of thermodynamic conditions in the combustion chamber at the end of compression. The range of devices under consideration includes variable valve actuation (cam-based or camless), variable compression ratio, dual fuel systems (port and direct fuel injection with multiple fuel injections), supercharger and/or turbocharger, exhaust energy recuperation and fast thermal conditioning of the intake charge mixture, spark-assist, etc. Variable Valve Actuation can be used for control of the effective compression ratio (via the intake valve closing time), the internal (hot) residual fraction via the negative valve overlap (recompression) ( [11] and [12] ), or secondary opening of the exhaust valve (residual re-induction) ( [11] and [12] ). In addition to providing the basic control of the HCCI combustion, i.e., ignition timing and burn rate or duration, the selected devices will play a critical role in accomplishing smooth mode transitions from SI to HCCI and vice versa.
The main challenge for the mode transition between SI and HCCI combustions is that a stable steady state HCCI operating condition is not stable and robust during the mode transitions. This is primarily due to the fact that the HCCI combustion is heavily influenced by the residual gas properties (quantity, temperature, and its composition) from the previous cycle and its mixing characteristics with the fresh intake air. Also given the practical constraints of short transition period (5 to 6 combustion cycles) and smooth transition torque, a cycle-tocycle intervention of the combustion process is a necessity. In reference [13] , it shows that the transition from SI to HCCI is more difficult to achieve than the switch from HCCI to SI. This is due to the fact that the residual gas fraction management is required for transition from HCCI to SI; while the transition from SI to HCCI needs to take account the additional influence of in-cylinder thermal inertia. It also found that there was a hybrid combustion mode [13] that occurred during both the SI to HCCI and the HCCI to SI transitions. This hybrid combustion mode consists of both SI and HCCI combustions, as shown in Figure 1 . It can be seen that the hybrid combustion starts as SI combustion with a low heat release rate (section ST to SOHCCI (start of HCCI combustion) in Figure 1 ), and then HCCI conditions are achieved to trigger HCCI combustion (section after SOHCCI). Through the transition from SI to HCCI combustions, the duration between ST and SOHCCI reduces and the HCCI combustion duration increases gradually, within a few cycles of the hybrid combustion mode. To accurately control the HCCI combustion process, especially the mode transition between SI and HCCI combustions, a precise combustion model is required. This is mainly due to the fact that not all key control parameters of a HCCI combustion process can be measured directly. For instance, the temperature of the in-cylinder gas mixture after the intake valve is closed, which is a key parameter for estimating start of HCCI combustion (SOHCCI), cannot be measured using existing sensor technology. It is well known that the existing engine modeling tools, such as GT-Power and WAVE are only good at off-line simulations, and therefore, cannot be used for model-based control. The other HCCI combustion models ( [1] , [11] , and [12] ) describe either SI or HCCI combustions. As discussed, to control the mode transition between SI and HCCI combustion modes, we need to have a mixed mean-value and crank resolved SI-HCCI hybrid combustion model that can be used for model-based control. This model shall be able to be executed in real-time for HIL (Hardware-In-the-Loop) simulations. This is the modeling work studied in this paper. Also, to have smooth transition between SI and HCCI combustions, accurate intake flow with good mixing is the key. Reference [21] provides a two-zone intake mixing model that describes intake mixing process. References [14] and [15] present an intake strategy entailing opening the intake valves at different timings to improve the flow characteristics and provide better mixing. The advantage of this strategy is the ability to use NVO (negative valve overlap) or recompression while avoiding the inherent mixing problems associated with it. Since the NVO strategy alters the existing valve timings, it is much simpler than re-induction strategies. It needs to open the exhaust valves at non-traditional timings, leading to complication of the control system. Furthermore, since the exhaust gas does not leave the cylinder (as it does with reinduction strategies), there is less heat lost which improves the overall engine efficiency. To fully utilize this method, we must have accurate information about the system behavior, particularly, the fluid flow during the mixing process. The developed hybrid combustion model will be integrated with the intake mixing model described in [21] in future. The main goal of mode transition control is to ensure smooth and robust mode transition between SI and HCCI combustions to avoid engine misfire at low load and knocking at mediate load. For model-based mode transition control, we propose to develop a two-zone SI-HCCI combustion model, shown in Figure 2 , where SI and HCCI combustion modes are its special cases. The modeling purpose is to correlate the trapped in-cylinder gas properties (such as air-to-fuel ratio, trapped gas re-circulation, and temperature) to the combustion characteristics such as misfire, knock, SOHCCI, HCCI burn duration, and IMEP (Indicated Mean Effective Pressure). The developed model will be used for model-based transition operation from SI to HCCI or vice versa. Figure 2 illustrates the two-zone hybrid SI-HCCI combustion model architecture. For the engine operated at a SI-HCCI hybrid combustion mode, the combustion is initiated by the ignition system, leading to increased burned zone radius r 1 until the auto-ignition condition of HCCI combustion is achieved where the burned zone radius r 1 equals to r SOHCCI. . This is the burned zone radius at the timing of SOHCCI, see Figure 1 and Figure 2 . The combustion continues with HCCI combustion in the unburned zone. There are two special cases: HCCI combustion is achieved when r SOHCCI equal to zero and SI combustion occurs when r SOHCCI equal to r 2 . Therefore, the SI-HCCI hybrid combustion mode is a generalization of both SI and HCCI combustion modes.
The paper is organized as follows. The dynamic equations used for modeling the proposed hybrid combustion were presented and discussed in great detail; the developed model was implemented into a HIL simulator for an I4 engine; and both steady state and dynamic simulation results were presented and discussed. At last, conclusions are drawn.
HYBRID SI AND HCCI COMBUSTION MODEL
The thermodynamic characteristics of in-cylinder gas, such as in-cylinder pressure and temperature, are of great interest in the SI-HCCI combustion modeling. This is especially important at certain critical combustion events such as the intake valve closing. Figure 3 shows six combustion events of a SI-HCCI dualstage combustion process within one engine cycle. They are intake valve closing (IVC), spark timing (ST), start of HCCI combustion (SOHCCI), exhaust valve opening (EVO), exhaust valve closing (EVC), and intake valve opening (IVO). For each combustion phase between two combustion events, the incylinder behaviors (such as pressure, temperature, etc.) were modeled using thermodynamic governing equations with initial conditions derived from last combustion event. In the rest of this paper, crank resolved models of each combustion phase will be discussed.
Phase I: IVC to ST
Without combustion, the compression process from IVC to ST can be approximated as an isentropic process. In-cylinder pressure and temperature vary as functions of in-cylinder volume. Equations (1) and (2) describe the crank resolved incylinder pressure and temperature with initial conditions T(θ IVC ) = T IM and P(θ IVC ) = P IM .
and
where κ is the average heat capacity ratio of the gas charged into the cylinder; θ is crank position; T IM and P IM are the intake manifold temperature and absolute pressure respectively; and θ IVC is the crank angle at intake valve closing.
Phase II: ST to SOHCCI Based upon references [1] , [2] , [4] , and [5] , the Arrhenius integral can be used to estimate the crank position of start of HCCI combustion (SOHCCI) θ SOHCCI . The SOHCCI crank position, defined as the crank angle for 1% fuel burned under HCCI combustion, can be determined as the crank angle when the following integral reaches one.
where θ is the current crank angle; N e is engine speed; A is a scaling constant; E a is the activation energy for the autoignition reaction; R is the in-cylinder gas constant and T is the in-cylinder temperature of the unburned zone.
The SI combustion begins after spark ignition event. The combustion process in this phase is modeled using the Wiebe function ( [3] and [9] ) below, see equation (4) .
where the predicted burn duration Δθ , Weibe coefficients a and m are functions of the normalized air-to-fuel ratio, engine speed, and load; and x is mass fraction burned (MFB).
In this combustion phase, it is assumed that the combustion progresses from the burned zone to the unburned zone (see Figure 2) , and both pressure and temperature are evenly distributed across both zones inside the engine cylinder. Note that in future research the two-zone temperatures will be modeled separately. Under the above assumptions, the incylinder temperature is a function of cylinder volume and MFB, as shown in equation (5); and the corresponding incylinder pressure can be calculated based upon the in-cylinder temperature and volume under ideal gas assumption.
where η is the combustion efficiency due to heat loss across cylinder wall and head, and it's a calibration of coolant temperature, engine speed and load; α is the inertia gas fraction of the in-cylinder gas mixture; C v is the specific heat of incylinder gas mixture; Q LHV is the low heating value of the fuel; λ is the normalized air-to-fuel ratio of the in-cylinder gas mixture.
During this combustion phase, the Arrhenius integral, see equation (3), continues its integration. The in-cylinder temperature and pressure increase rapidly due to the SI combustion. As a result, the Arrhenius integral increases sharply as well, and when it reaches the criteria of the start of HCCI combustion (AR ≥ 1) the HCCI combustion starts in the unburned gas mixture zone, see Figure 2 , which leads to the next combustion phase.
Phase III: SOHCCI to EVO
In this combustion phase the in-cylinder pressure and temperature are modeled based upon equations (5) and (6) 
where k is a scaling constant; E c is the activation energy of global reaction; T HCCI is the average in-cylinder gas temperature during HCCI combustion phase; α is the inertia gas fraction of the in-cylinder gas mixture and it is calculated by equation (15) .
After HCCI combustion, the in-cylinder gas performs isentropic expansion, and the calculations of in-cylinder pressure and temperature follow equations (5) and (6), but note that in this case equations (5) and (6) are same as (1) and (2) since MFB remains at a constant level after the HCCI combustion is finished.
Phase IV: EVO to EVC
After the exhaust valve is opened, the in-cylinder gas isentropically expands in the engine cylinder and exhaust manifold. The in-cylinder pressure drops quickly but not instantaneously, it normally takes a few crank degrees for the in-cylinder pressure to approach the pressure in the exhaust manifold. It is difficult to model this dynamics using simple dynamic equations for real-time simulations. For simplicity, a first order transfer function is used to approximate this dynamic process.
where P EM is the exhaust manifold absolute pressure; and τ EVO is the transition time constant. Note that, for simplification, τ EVO together with τ PC and τ TC from equations (12) and (13) are set to be constant calibrations. However, these time constants are fixed in engine cycle domain but are varying in time domain as functions of engine speed.
Then, in-cylinder temperature can be calculated as a function of the in-cylinder pressure as follows.
where κ is the average heat capacity ratio. By solving equations (9) and (10) iteratively, the thermodynamic properties (pressure and temperature) at EVC can be obtained. Therefore, the mass of residue gas m R can be derived as function of exhaust valve closing assuming it is ideal gas.
Phase V: EVC to IVO This phase is called recompression or negative valve overlap ( [17] , [18] , and [19] ). During this phase engine cylinder is sealed as a closed system again, and the in-cylinder gas is isentropically compressed or expanded, so equations (1) and (2) are used to calculate both temperature and pressure. Through the recompression the thermodynamic properties of the residue gas are changed to match the required combustion characteristics for the next engine cycle.
Phase VI: IVO to IVC
The air charging process between IVO to IVC is also a process of in-cylinder gases mixing. During this phase the fresh charged air, injected fuel vapor, and residue gas are assumed to be mixed homogeneously, which is an assumed condition for HCCI combustion. The in-cylinder gas characteristics at IVC are of great importance to the start of HCCI combustion. Same approach as those used in Phase IV is used for both in-cylinder pressure and in-cylinder temperature calculations.
where P IM is the intake manifold absolute pressure; τ PC and τ TC are the transition time constants of pressure and temperature; and T mix is the in-cylinder gas mixture temperature at IVC. It is calculated by equation (14);
where m F , Cv F , and T F are the mass, specific heat, and temperature of fuel vapor trapped in cylinder respectively; m G is the mass of gas mixture charged into cylinder, which consists of fresh air and cooled EGR gas; Cv G and T G are the specific heat and temperature of gas mixture; Cv R and T R are the specific heat and temperature of the residue gas left from last engine cycle.
Both cooled EGR gas and the residue gas are regarded as inertia gas, so the total inertia gas fraction of the in-cylinder gas mixture is calculated as:
where x EGR is the cooled EGR fraction in the gas mixture inside the intake manifold.
SIMULATIONS OF SI-HCCI HYBRID COMBUSTIONS
The SI and HCCI combustion modes and the SI-HCCI hybrid mode were simulated based upon the engine configuration shown in Figure 4 , where the engine parameters are given in Table 1 .
This engine was equipped with an EGR cooler and valve to provide cooled external EGR gas, which is important to provide an additional degree of freedom to adjust the incylinder EGR fraction independent of the in-cylinder gas mixture temperature. The engine also features dual intake and exhaust valves with independent variable valve timing (VVT) control for both intake and exhaust valves. The exhaust and intake VVT controls are mainly used for recompression of the residue gas (see the recompression process between EVC and IVO shown in Figure 3 ). The residue gas recompression changes the in-cylinder gas mixture temperature at IVC (T(θ IVC )) significantly, and T(θ IVC ), along with the IVC timing, determines the SOHCCI timing. Higher compression ratio is also selected to make the HCCI combustion possible at low engine load condition. For this simulation, the engine compression ratio is 11:1, see Table 1 .
The entire combustion process was modeled based upon equations (1) to (15) in Matlab/Simulink as a function of the engine crank angle, and the engine air handling sub-systems, such as intake and exhaust manifolds, were modeled using the mean-value technique described in [8] and [16] . The entire engine model consists two portions: crank resolved model for in-cylinder parameters such as pressure, temperature, etc. and mean-value model for external ERG fraction, intake and exhaust manifold dynamics, engine speed, etc. The developed engine model was implemented into a dSPACE based Hardware-In-the-Loop (HIL) simulator. The mean-value engine model was updated every millisecond and the crank resolved model is updated every crank degree.
Both steady-state and transient simulations performed in this paper were completed at 2000 rpm engine speed with 3.7 bar IMEP. Engine operational condition selected for the combustion mode transition is critical. Engine could have heavy Knock if the engine load is relatively high. The rate of the in-cylinder pressure rise is often used as an indication of engine knock and is adopted in this paper. A rising rate of more than 3bar per crank degree leads to unacceptable engine knock ( [6] and [10] ). During the mode transition, properly controlling the SOHCCI timing can also help preventing the engine knock. 
SIMULATION RESULTS AND DISCUSSION
HIL simulations based upon the engine model were conducted in the dSPACE HIL simulation environment to simulate the SI-HCCI hybrid combustions. Note that both SI and HCCI combustion modes are special cases of the SI-HCCI combustion. When the HCCI combustion did not occur, the engine is operated at the SI combustion mode; and when the HCCI combustion occurs at the start of SI combustion, the engine can be considered to be operated at the HCCI combustion mode; while the SI-HCCI hybrid combustion occurs inter-between the HCCI and SI combustion modes.
Steady-state performance
Steady-state combustions of SI, HCCI, and the hybrid mode with different SOHCCI timings were studied first to find how engine valve timing affects the combustion mode switch. Figure 5 to Figure 7 show the in-cylinder profiles of pressure, temperature, and MFB. As the engine exhaust valve timing was advanced, the effect of recompression increases, as shown in Figure 5 and Figure 6 . The increased recompression increases in-cylinder mixture temperature, which makes HCCI combustion possible after spark ignition. This is so called SI-HCCI hybrid combustion mode. Meanwhile the in-cylinder gas mixture temperature at intake valve closing T(θ IVC ) increases, see Figure 6 , and the SOHCCI timing advances as the temperature increases. This can be observed in Figure 7 , where after SI combustion initiated, the start of HCCI (SOHCCI) combustion advanced, leading to increased fraction of fuel burned in the HCCI mode. When the exhaust valve timing was advanced to certain location, it is not necessary to ignite the in-cylinder gas mixture by a spark; and it can be auto-ignited through gas compression, achieving the HCCI mode. In these simulations, engine IMEP was maintained at 3.7 bar as shown in Figure 8 ; the maximum lift of intake valve was also held at 95 crank degrees after gas exchange TDC. In order to have a constant IMEP (3.7 bar) when the exhaust valve timing advanced, the amount of fuel injected was decreased, accordingly to maintain a constant IMEP. This leads to increased air-to-fuel ratio with improved combustion efficiency (fuel economy). From these simulations, we found that the HCCI fuel consumption is about 30% less than that of SI combustion when the IMEP was held constant.
The influence of EGR gas to the hybrid combustion modes was also investigated through steady-state simulations. HCCI combustion has much shorter burn duration than that of SI combustion. This leads to high peak in-cylinder pressure and temperature, as shown in Figure 5 and Figure 6 . However, HCCI combustion is capable of operating with higher EGR rate than that of SI combustion. Figure 9 demonstrates how the cooled EGR rate affects the in-cylinder gas temperature. The simulations in Figure 9 were completed with 3.7 bar IMEP, where the exhaust valve timing and fuel quantity were adjusted to maintain a constant IMEP (3.7 bar) for each simulation.
Simulation results show that the higher EGR rate the lower the peak in-cylinder gas temperature and the higher fuel efficiency, see Figure 10 . EGR rate=12.1% with valve duty=3% EGR rate=26.6% with valve duty=8% EGR rate=36.8% with valve duty=13% EGR rate=44.5% with valve duty=18% 
Transient performance
The combustion mode transient performance is of great interest in the modeling. The SI to HCCI mode transition with hybrid mode was simulated. The exhaust valve timing and fuel quantity were adjusted every consecutive engine cycle (cycles 1 to 6 in Figure 11 ). Two different strategies were adopted for the hybrid combustion mode control. One used the same control parameters as in the steady-state simulations; the other used control parameters adjusted for transient operation. For comparison, the SI to HCCI mode transition without the hybrid mode was also simulated. For all cases, the engine spark was cut at cycle 7 to achieve HCCI combustion. Figure 12 shows the engine transient responses of IMEP and SOHCCI timing for 20 consecutive engine cycles. Since the engine is running at 2000rpm, 20 engine cycles cover 1.25 second time period.
From Figure 12 , the engine transient performance was improved by operating the engine at the hybrid combustion mode during mode transition. Without hybrid combustion mode, the IMEP dropped far below the target value (3.7bar) and SOHCCI was dramatically retarded to almost 80 crank degrees after gas-exchange TDC, which indicate partial-burn combustion at cycle 7. In both cases with hybrid combustion mode, the one using the ad hoc transient control parameters provides smaller IMEP and SOHCCI variations during the transient operation than these using steady state parameters. This indicates that using steady-state mapping parameters during the combustion mode transition cannot provide the best performance during the mode transition and model-based transient control strategy has potential to provide optimal mode transition. Notice that the engine IMEP using the ad hoc transient control parameters was kept close to 3.7bar during the transient operation and SOHCCI was smoothly transient from 14 degrees before TDC to 3 degrees after TDC. 
CONCLUSION
A crank resolved hybrid combustion model of SI (spark ignited) and HCCI (Homogeneously Charge Compression Ignition) was developed over an engine cycle. Combined with the mean-value engine gas handling models from previous research, the hybrid combustion model was implemented in Simulink and validated in a HIL (Hardware-In-the-Loop) simulator. The simulation results show that the hybrid combustion SOHCCI (Start of HCCI) timing is highly related to the exhaust valve timing used for recompression. Therefore, a smooth combustion mode transition can be achieved by adjusting the exhaust valve timing. The cooled EGR (Exhaust Gas Recirculation) was also used to control both engine charge temperature and EGR rate. The transient performances of the mode transition simulation presented in this paper demonstrated the significance of the hybrid SI and HCCI combustion mode and its control oriented model. This is mainly due to the fact that the steady state control parameters for SI-HCCI hybrid combustion are no longer optimal during the transient SI-HCCI combustion and a model-based control is a necessity.
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